Chloroplast genomes encode rRNAs, tRNAs, and proteins involved in transcription, translation, and photosynthesis. l h e expression of 15 plastid genes representing each of these functions was quantitated during chloroplast development in barley (Hordeum vulgare). l h e transcription of all plastid genes increased during the initial phase of chloroplast development and then declined during chloroplast maturation. RNAs corresponding to rpoBrpoC1-rpoC2, which encode subunits of a plastid RNA polymerase, and rpsl6, which encodes a ribosomal protein, reached maximal abundance early in chloroplast development prior to genes encoding subunits of the photosynthetic apparatus (rbcl, afp6, psaA, petB). lranscription of rpoB as well as 16s rRNA, trnfM-tmC, and trnK was high early in chloroplast development and declined 10-fold relative to r b c l transcription during chloroplast maturation. RNA hybridizing to psbA and psbD, genes encoding reaction center proteins of photosystem II, was differentially maintained in mature chloroplasts of illuminated barley. Differential accumulation of psbD mRNA relative to r b c l mRNA was due to light-stimulated transcription of psbD. In contrast, enhanced levels of psbA mRNA in mature chloroplasts were due primarily to selective stabilization of the psbA mRNA. These data document dynamic modulation of plastid gene transcription and mRNA stability during barley chloroplast development.
rm (16S-trnl-trnA-23S-4.5S-5S), rps23-rpl2-rpsl9-rpl22-rps3-rpl16-rps8-infA-rpl36-rpsll-rpoA, and rpoB-rpoC1-rpoC2 operons encode proteins involved in transcription and translation (Shinozaki et al., 1986; Ohyama et al., 1988; Hiratsuka et al., 1989) .
This organization of genes, in principle, offers the opportunity to differentially express genes involved in transcription/translation relative to genes encoding proteins involved in photosynthesis. Until the present study, however, there was little direct evidence to support this possibility. In fact, it has been suggested that plastid gene expression may be optimized for rRNA synthesis and that other plastid genes are transcribed in excess (Bendich, 1987) . However, a recent quantitative analysis of plastid RNA levels and transcription rates at one stage of barley chloroplast development revealed an over 300-fold variation in plastid gene transcription activity and mRNA levels (Rapp et al., 1992) . Plant Physiol. Vol. 101, 1993 In general, genes encoding abundant proteins were transcribed at high rates (psbA, rbcL), whereas genes encoding low abundance proteins were transcribed at low rates (rpoB, rpoA) . Correlation between transcription rate and mRNA accumulation was observed for most genes, indicating that transcription activity is an important determinant of mRNA leve1 (Rapp et al., 1992) . Moreover, light-induced differential transcription of psbA and psbD is observed in barley (Klein and Mullet, 1990; Sexton et al., 1990a) and for petG in maize (Haley and Bogorad, 1990) . In contrast, in spinach (Spinacia oleracea), differential transcription of plastid genes during chloroplast biogenesis is limited and differential accumulation of mRNA has been attributed to modulation of RNA stability (Deng and Gruissem, 1987) .
In this study, we have quantitated transcription and mRNA levels for 15 plastid genes during chloroplast development in barley. Overall plastid transcription rates and mRNA levels increased early in chloroplast development and then declined during chloroplast maturation. In addition to this global regulation of transcription activity, severa1 genes encoding the transcription/translation apparatus were differentially transcribed early in chloroplast development, whereas genes encoding proteins involved in photosynthesis showed highest expression later in development. Two plastid genes, psbA and psbD, were differentially expressed in mature chloroplasts. Differential accumulation of psbD mRNA was attributed to light-induced transcription, whereas elevated psbA mRNA levels in mature chloroplasts were due primarily to selective stabilization of psbA mRNA.
MATERIALS AND METHODS

Plant Growth and Plastid lsolation
Barley (Hordeum vulgare L. var Morex) seedlings were grown in controlled environmental chambers for 4 d in darkness or for 2 d in darkness followed by continuous illumination for 2 or 4 d (Baumgartner et al., 1989) . Chloroplasts from various sections of barley leaves ( Fig. 1) were isolated on Perco11 gradients as described in Baumgartner et al. (1989) .
Extraction of RNA from lsolated Plastids and Analysis of Plastid RNA
I
RNA was extracted from isolated plastids as described in Orozco et ai. (1985) . To ensure maximum recovery of plastid RNA, no more than 2 X 108 plastids were used per 500-pL volume of extraction buffer. RNA extracted from isolated plastids was fractionated on formaldehyde-agarose gels, blotted onto GeneScreen Plus nylon membranes, and probed with in vitro-generated antisense RNA probes as described (Rapp et al., 1992) . RNA abundance was quantitated using RNA dot blots as described (Rapp et al., 1992) .
Chloroplast Gene Probes
Fragments of chloroplast DNA containing portions of plastid genes were prepared from restriction digests of barley chloroplast DNA or by the polymerase chain reaction procedure (Rapp et al., 1992) . DNA fragments were cloned into pBluescript plasmid expression vectors (Stratagene). DNA restriction fragments included a 0.99-kb SacI-SmaI fragment of 16s rDNA and a 1.0-kb BamHI fragment of psaA. Additional chloroplast gene fragments were isolated by polymerase chain reaction, including portions of the coding sequences of rpsl6 (1.0 kb), rp116 (0.35 kb), rpoA (1.0 kb), rpoB (2.3 kb), trnfM-trnG (0.9 kb), trnK (2.3 kb, which also contains openreading frame 542), petB (0.65 kb), ndhA (0.47 kb), and atpB (1.5 kb). The remaining genes used in this study included a 1.3-kb HindIII-PstI fragment of rbcL (Zurawski et al., 1984) , a 1.4-kb HincII-EcoRI fragment of psbA (Boyer and Mullet, 1988a) , a 0.87-kb EcoRI fragment of psbD (Gamble et al., 1988) , and a 1.9-kb BamHI fragment of psaB (Berends et al., 1987) . Plastid run-on transcription assays were camed out as modified in Rapp et al. (1992) . Radiolabeled transcripts generated in 5-min lysed plastid run-on transcription assays were extracted as described (Klein and Mullet, 1990) . The transcripts were hybridized to dot blots containing saturating levels (1 pmol) of in vitro-synthesized antisense RNA transcripts for each of the 15 genes analyzed.
RESULTS
Chloroplast Development and Overall Transcription Activity
Barley leaves grow from a basal intercalary meristem, which creates a gradient of cell and chloroplast development with undifferentiated cells and proplastids located in the leaf base and more developed cells and chloroplasts in the leaf apex ( Fig. 1, top) (Baumgartner et al., 1989) . To assay transcription and mRNA levels in plastids throughout chloroplast development, we isolated plastids from the leaf sections shown in Figure 1 . Plastids in leaf section 1 are small, contain little Chl, and exhibit low transcription activity (Fig. 1, bottom) . Once cells stop dividing and enter the zone of cell elongation (section 2), plastid transcription increases rapidly. In dark-grown seedlings, chloroplast development reaches its end point in sections 4/5 of 4-d-old seedlings (fully developed etioplasts) (Baumgartner et al., 1989) . However, in illuminated plants, plastids develop past the etioplast stage, accumulate Chl, and become photosynthetically active (sections 4, 5, and 7 of illuminated plants) (Baumgartner et al., 1989) . Chloroplast transcription activity declines during the latter phase of chloroplast maturation. analyzed (boxed), a small portion of the barley genome where each gene is located, the location of the probe used for analysis (bracketed region), and northem blots. The abundance of RNA among the genes analyzed varied over 400-fold. Therefore, northem blots were exposed to x-ray film for different periods of time so that RNA populations corresponding to a11 of the genes could be visualized.
Leaf Length (cm)
rRNA and tRNAs
The 16s rRNA probe detected an abundant 1.6-kb RNA at a11 stages of plastid development ( Fig. 2A) . This result is consistent with the observation that ribosomes are present in a11 plastid types, although ribosome abundance varies greatly (Smith, 1970; Thien and Schopfer, 1975; Deng and Gruissem, 1988; Rapp et al., 1992) . Severa1 genes that encode tRNAs were analyzed, including tmfM-tmG, which are cotranscribed, and tmK (Oliver and Poulsen, 1984) . The tmfM-tmG probe detected RNAs of 0.86 kb and less than O.l'kb, which most likely correspond to the unspliced precursor RNA and processed tRNAs, respectively. The ratio of large to small RNAs decreased during development. In addition, the leve1 of the 0.86-kb RNAs was high early in development and decreased with chloroplast maturation. The third tRNA gene analyzed, tmK, is located upstream from psbA in barley. The trnK probe detected a 2.6-kb RNA that represents the unspliced precursor for tRNA(Lys) (Sexton et al., 1990b) . The abundance of the unspliced RNA was high early in chloroplast development, but low in mature chloroplasts.
RNAs Encoding Subunits of the RNA Polymerase, Ri bosomes
The plastid genome contains four genes that encode subunits of the RNA polymerase (VOA, B, C1, C2). Three of these genes are organized in the rpoB-rpoC1-rpoC2 operon (Hudson et al., 1988) . In barley, an rpoB probe detected a 6.0-kb RNA (Fig. 2) that probably results from cotranscription of rpoB and rpoCl as previously shown in spinach (Hudson et al., 1988) . The abundance of the rpoB RNA was highest in section 1/2 from dark-grown seedlings and declined rapidly in abundance during chloroplast development. rpoA, which encodes the a subunit of the RNA polymerase, and rp116, which encodes a ribosomal protein, are part of a cluster of genes encoding additional ribosomal proteins and infA (Hiratsuka et al., 1989) . In some plastids, these genes are cotranscribed (Ruf and Kossel, 1988; Christopher and Hallick, 1990) , although the complex mRNA profiles arising from this gene cluster could result from the action of multiple promoters and RNA processing. Northern analysis using rpoA and rpZ16 probes revealed a complex RNA pattem for both of these genes (Fig. 2B ). RNA abundance for both genes was maximal in section 4/5 from dark-grown plants. The expression of a second ribosomal protein-encoding gene, rpsl6, which is located between tmQ and tmK in barley, was also analyzed. The rpsl6 probe detected mRNAs of 1.4, 1.2, and 0.6 kb that correspond to introns containing precursor RNAs (1.2 and 1.4 kb) and processed RNAs (0.6 kb) (Sexton et al., 1990b) . The precursor rpsl6 RNAs were in greatest abundance in sections 1/2 and decreased thereafter. The processed rpsl6 mRNA was more abundant in sections 1/2 and 4/5 of dark-grown plants compared with illuminated plants.
RNAs Encoding the Photosynthetic Apparatus, NADH Oxidoreductase
The gene, ndhA, which encodes a subunit of the putative NADH oxidoreductase complex (Matsubayashi et al., 1987) is located in the small single-copy region of the barley genome. This gene has not been sequenced in barley, so the rice ndhA gene organization is shown in Figure 2C (Hiratsuka et al., 1989) . The ndhA northem probe detected RNAs 4.0, 2.3, and 1.2 kb in size. If the barley gene, like rice ndhA, contains an intron, the larger RNAs could be unprocessed precursor RNAs, whereas the 1.2 kb RNA could be the mature ndhA mRNA. RNA levels for ndhA were low in plastids isolated from the leaf base (sections 1/2), high in sections 4/5, and low again in mature chloroplasts, similar to the genes that encode proteins involved in photosynthesis described below.
Six genes that encode proteins involved in photosynthesis were analyzed. They include rbcL, which encodes the large subunit of Rubisco; atpB, which encodes the p subunit of the ATP synthase; psaA, a PSI reaction center protein-encoding gene; petB, which encodes Cyt b6 of the Cyt bslf complex; and psbD and psbA, encoding D1 and D2, respectively, which are reaction center subunits of PSII (Fig. 2D) . The rbcL probe detected a 1.4-kb RNA, which increased to maximal abundance in sections 415 of illuminated plants and then declined in more mature chloroplasts. The atpB probe detected a 2.2-kb RNA, which showed maximal abundance in sections 4/5 of dark-grown seedlings. The psaA probe detected a 5.6-kb RNA, which, as previously described (Berends et al., 1987) , also encodes the psaB gene product, a second subunit of the PSI reaction center. The abundance of psaA-psaB mRNA was low early in chloroplast development, increased to a maximum in sections 4/5, and declined again in mature chloroplast populations. A similar change in mRNA abundance was observed for petB, although the petB mRNA population was complex, as previously described (Westhoff and Henmann, 1988) . The psbD gene is also located in a complex plastid operon (Sexton et al., 1990a) . Consistent with earlier studies (Berends et al., 1987) , the psbD probe detects RNAs ranging in size from 1.5 to 5.7 kb. The abundance of psbD-psbC RNAs increased to a maximum in sections 4/5, then decreased in chloroplasts of section 7. In addition, a shift in psbD mRNA population is observed during development. The, change in psbD mRNA population was previously shown to be due to activation of a specific light-responsive promoter in this operon (Sexton et al., 1990a) . The final gene of this class analyzed was psbA (Fig. 2D) . psbA mRNA abundance was low in sections 112, increased to a maximum in sections 4/5 from illuminated plants, and remained high in mature chloroplasts isolated from section 7.
Quantitation of Plastid RNA Levels
The northern blots shown in Figure 2 revealed that changes in plastid RNA abundance occurred during chloroplast development. To obtain information on the levels of each RNA and an accurate estimate of the abundance changes, quantitative analysis of mRNA levels was carried out according to Rapp et al. (1992) , and the data are displayed in Table I . Not surprisingly, 16s rRNA was the most abundant RNA analyzed. Consistent with previous studies, rRNA levels increase during early chloroplast biogenesis and then decline in mature chloroplast populations. Levels of mRNAs varied over 400-fold from a high for psbA in sections 4/5 of illuminated plants (52 fmol/5 x 106 plastids) to a low of 0.02 fmol for rpoB. rpoB and rpsl6 mRNA levels were maximal in sections 1/2 and declined thereafter. tmK, rpoA, and rp116 RNA levels were over 50% of their maximum values in sections 112, suggesting that the expression of these genes is active early in chloropIast development. In general, mRNA levels for genes encoding proteins of the photosynthetic apparatus increased 5-to 10-fold between sections 112 and 415, then declined in mature chloroplasts. psbD and psbA mRNA levels declined the least during light-induced chloroplast maturation.
Quantitation of Plastid Cene Transcription
Quantitative analysis of specific plastid gene transcription on plastids from section 415 of dark-grown plants was previously carried out by Rapp et al. (1992) . In the present study, this analysis was extended to include four stages of chloroplast development (Table 11) . Genes such as 16s rRNA, tmfh4/G, trnK, and psbA were transcribed at the highest rates, followed by genes encoding proteins of the photosynthetic apparatus, ribosomes, and the RNA polymerase, re- spectively. Transcription activity for a11 of the genes increased during the early phase of chloroplast biogenesis and then decreased once mature chloroplast populations were established. However, depending on the gene, maximal transcription rates were observed in sections 1/2 or 4/5 in dark-grown plants. In addition, changes in the relative ratios of gene transcription occurred during development. For example, transcription of 165 rRNA was greater than psbA early in chloroplast development but less than that of psbA in mature chloroplasts. Changes in relative rates of transcription among plastid genes as a function of chloroplast development were analyzed by calculating the ratio of the transcription rate for each gene to that of rbcL (Table 111) . Changes in the ratio of transcription as a function of development were then calculated and expressed in Table 111 . This analysis showed that transcription of 165 rRNA, trnfM/G, trnK, and rpoB decreased 7-to 33-fold relative to rbcL as a function of chloroplast development. In contrast, transcription of psbD increased 3-fold relative to rbcL in illuminated plants.
Modulation of Relative Plastid RNA Stability
RNA levels are determined by rates of transcription and rates of RNA turnover. If RNA stability increases, then RNA levels will increase for a given transcription rate. Therefore, the ratio of RNA accumulated divided by the transcription rate provides a way of estimating relative RNA stability. Furthermore, changes in this ratio indicate that a change in RNA stability has occurred, assuming a steady state has been reached. The ratio of RNA abundance divided by transcription rate was calculated using the quantitative transcription and RNA abundance data in Tables I and I1 and the results  are shown in Table IV . Ratios were calculated for plastids from leaf sections 1/2 and 4/5 from dark-grown plants and for mature chloroplast populations from sections 7 or 4/5 of illuminated plants. For some genes, expression in section 7 was very low so data from sections 4/5 from illuminated plants were used to provide more accurate estimations. The data in Table IV show that predicted RNA stabilities in sections 1/2 varied over 100-fold with 165 rRNA being the most stable and psbA being the least stable RNA. The predicted stability of most of the RNAs did not change during chloroplast development. However, a few RNAs showed dramatic increases in predicted stability. For example, 165 rRNA stability increased 35-fold during development. Smaller changes in calculated relative mRNA stability were observed for rbcL (4-fold) and petB (3-fold). The greatest increase in predicted RNA stability, a 100-fold increase, occurred for the psbA mRNA.
DISCUSSION
Modulation of Overall Plastid Transcription Activity
The conversion of proplastids to chloroplasts in barley is accompanied by an increase in plastid transcription activity during early chloroplast biogenesis followed by a decrease once mature chloroplasts are established Baumgartner et al., 1989) . In barley, where leaf development occurs in the absence of light, activation of plastid transcription during chloroplast development is light independent and occurs when cells stop dividing and enter the zone of cell elongation (Baumgartner et al., 1989 ; also see Fig. 1 ). In plants that require light for leaf development (i.e. spinach, sorghum, pea, and mustard), plastid transcription (Deng and Gruissem, 1987; Schrubar et al., 1990 ) and mRNA accumulation (Thompson et al., 1983; Dietrich et al., 1987; Woodbury et al., 1989) are light stimulated. The molecular mechanisms controlling these global changes in plastid transcription are unknown. DNA levels per plastid increase early in chloroplast biogenesis and decline in mature chloroplasts (Lawrence and Possingham, 1986; Baumgartner et al., 1989). However, transcription activity per DNA template varies over 10-fold during chloroplast biogenesis (Deng and Gruissem, 1987; Baumgartner et al., 1989) and the kinetics of change in plastid DNA leve1 and transcription are different (Dietrich et al., 1987; Baumgartner et al., 1989) . Furthermore, in sorghum, light-induced increases in plastid transcription were paralleled by increased abundance of the plastid-encoded /3 subunit of the RNA polymerase (Schrubar et al., 1990) . Therefore, the increase in plastid transcription activity during chloroplast development must involve enhanced expression of rpoB, which encodes the /3 subunit.
Differential ~~~~~ of plastid m~~~s during Chloroplast Develop,,,ent
In this study, we show that a11 of the plastid genes examined are influenced by the global changes in plastid transcription activity that occur during barley leaf and chloroplast development. However, the kinetics of accumulation and decline of specific plastid mRNAs varied depending on the gene analyzed. For example, rpoB and rpsl6 mRNAs reached maximal abundance per plastid early in chloroplast development in sections 1/2 of dark-grown seedlings. Lower levels were observed when plastids from section 1 were analyzed (data not shown). At this stage of chloroplast development, rpoA and rp116 mRNAs were approximately 50% of their maximal accumulation, whereas rbcL and psbA mRNAs had accumulated to less than 10% of their maximal levels. In general, genes that encode proteins of the photosynthetic apparatus showed delayed accumulation of their mRNAs relative to rpoB or rpsl6. rbcL, atpB, psaA, petB, and psbD, as well as rpoA and rp116, a11 showed maximal accumulation of mRNA in plastids from leaf sections 4/5 of dark-grown plants. psbA mRNA levels reached their maximum per plastid even later in chloroplast development (sections 4/5 of illuminated plants). In addition, psbA and psbD mRNA levels remained differentially elevated in mature chloroplast populations relative to other plastid mRNAs. rbcL, petB, and atpB mRNA levels declined 10-fold between sections 4/5 and 7 in illuminated plants, whereas psbA and psbD mRNA levels declined only 2-fold. Differential early activation of genes encoding components of the plastid RNA polymerase and ribosomes indicates that a build-up of transcription and translation capacity is given high priority early in chloroplast development. The differential accumulation of rpoB mRNA early in chloroplast development is consistent with increases in plastid RNA polymerase levels during sorghum chloroplast biogenesis (Schrubar et al., 1990) . Ribosome number per plastid also increases during chloroplast biogenesis (Smith, 1970; Thien and Schopfer, 1975; Bisanz-Seyer et al., 1989) and differential accumulation of 165 rRNA, rpsl9, and rp123 mRNA relative to rbcL mRNA was observed during an early phase of chloroplast biogenesis in spinach (Bisanz-Seyer et al., 1989) and for rp12 in pea (Nagano et al., 1991) . Differential early activation of genes encoding the transcription/translation apparatus during chloroplast development is followed by maximal expression of genes encoding the photosynthetic apparatus.
Differential Transcription of rpoB, 16s rRNA, frnfM/C, and trnK Early in Chloroplast Biogenesis
Differential accumulation of rpoB and rpsl6 mRNA relative to rbcL mRNA early in chloroplast development could result from differential transcription or RNA stability. Run-on transcription assays indicate that rpoB as well as 16s rRNA, tmK, and trnfM/G are differentially transcribed early in chloroplast development relative to rbcL (Tables I1 and 111) . Unfortunately, information on rpsl6 could not be obtained because transcription assays of rpsl6 are influenced by read-through from trnQ (Rapp et al., 1992) . Nevertheless, rpoB and 16s rRNA reached maximal transcription prior to rbcL and the ratio of transcription of rpoB, 165 rRNA, trnK, and trnfM/G to rbcL declined 10-fold as a function of chloroplast biogenesis. In contrast, the ratio of rbcL transcription to atpB, petB, and psaA remained constant during development. The promoters of these latter genes contain -10 and -35 elements homologous to cis-elements in prokaryotic sigma-70 promoters (for a review, see Hanley-Bowdoin and Chua, 1987) . In contrast, the presumptive promoters of rpoB (Hudson et al., 1988) and rpsl6 (Neuhaus et al., 1989) are AT-rich and lack these elements. On the other hand, the trnK (Boyer and Mullet, 1988b ) and 16s rRNA (Sun et al., 1986; Baeza et al., 1991) promoters contain -10 and -35 elements. It is possible that the trnK and 16s rRNA promoters have elements for early and late transcription, whereas rpoB and rpsl6 have only early transcription determinants.
Differential transcription of rpoB versus rbcL could be due to the action of multiple RNA polymerases (Greenberg et al., 1984) , modulation of DNA conformation (Lam and Chua, 1987; Thompson and Mosig, 1990) , DNA methylation (Gauly and Kossel, 1989; Ngernprasirtsiri and Akazawa, 1990) , or protein factors that alter promoter selection by the plastid RNA polymerase (Baeza et al., 1991; Tiller et al., 1991) . Multiple RNA polymerase activities have been reported in plastids (Greenberg et al., 1984; Zaitlin et al., 1984) . Severa1 subunits of a prokaryotic-like RNA polymerase are encoded by plastid DNA (encoded by rpoA; B, C1, Cz) (Little and Hallick, 1988; Purton and Gray, 1989; Hu and Bogorad, 1990) .
Other studies indicate that a plastid RNA polymerase is nuclear encoded (Lerbs et al., 1985) . The strongest evidence for a nuclear-encoded RNA polymerase comes from studies of albostrians, a barley mutant that lacks plastid ribosomes (Siemenroth et al., 1981) and Epifagus, which lacks rpoB, rpoC1, and rpoCz (Morden et al., 1991) . In both of these cases, 16s rRNA synthesis occurs in plastids that lack the ability to synthesize the plastid-encoded RNA polymerase. Furthermore, selective transcription of 16s rRNA has been associated with a transcriptionally active complex that has a different protein composition than the soluble plastid RNA polymerase (Narita et al., 1985) . It is possible, therefore, that the initial activation of plastid transcription as well as differential expression of rpoB observed in this study are mediated by increased levels of a nuclear-encoded RNA polymerase.
Increased expression of the rpoB-rpoC1-rpoCz transcription unit could then lead to a build-up of the plastid-encoded RNA polymerase and enhanced transcription of genes with -10 and -35 promoter elements. Expression of rpoA, which is somewhat delayed relative to rpoB-rpoC1-rpoCz, may further modulate RNA polymerase specificity. However, whereas rpoA mRNA levels reach maximal abundance later in chloroplast development than rpoB, rpoA mRNA levels are always 5-to 20-fold greater than rpoB. Protein factors may also modulate promoter selection and thus be responsible for the observed heterogeneity of transcription (Lam et al., 1988; Tiller et al., 1991) . For example, the 16s rRNA promoter selectively binds a 33-to 35-kD protein that may regulate the transcription of the 16s rRNA gene in spinach (Baeza et al., 1991) . In addition, putative sigma-like factors have been identified in mustard, which bind to the Escherichia coli core RNA polymerase and modify its binding to plastid promoters (Tiller et al., 1991 (Tiller et al., ). 1988 Schuster et al., 1988; Greenberg et al., 1989; Mattoo et al., 1989) . These proteins, encoded by psbA and psbD, respectively, are damaged by photochemistry and mw,t be degraded and replaced to maintain PSII activity (reviewed in Mattoo et al., 1989) . Thus, differential accumulation of the psbA and psbD mRNAs in mature chloroplasts (Link, 1982; Rodermel and Bogorad, 1985; Deng and Gruissem, 1987; Klein and Mullet, 1987; Sexton et al., 1990a ) is consistent with the need to maintain the capacity to synthesize D1 and D2 in these plastids.
In this study, psbD and psbA mRNA levels decreased only 2-fold from maximum levels in sections 415 to mature chloroplasts of section 7 (Table I ). In contrast, most other mRNAs (rbcL, atpB) decreased over 10-fold during this phase of chloroplast development. Differential maintenance of psbD mRNA levels is correlated with a light-induced increase in the ratio of psbD to rbcL transcription (Table 111 ). Differential light-induced accumulation of psbD mRNA has been previously documented in barley (Gamble et al., 1988; Krupinska, 1992) and found to be due to a special blue light-responsive promoter (Gamble and Mullet, 1989; Sexton et al., 1990a) . The blue light-activated psbD promoter lacks -10 and -35 promoter elements but is highly conserved among monocot members of the grass family and dicots (Christopher et al., 1992) . Light-induced activation of psbD requires protein synthesis in the cytoplasm, suggesting that blue light stimulates synthesis of a nuclear-encoded plastid-localized protein that activates psbD transcription (Gamble et al., 1988) .
Differential accumulation of psbA mRNA in mature chloroplasts observed in this study has been reported in mustard (Link, 1982) , maize (Rodermel and Bogorad, 1985) , spinach (Deng and Gruissem, 1987) , and other plants (reviewed by Mattoo et al., 1989) . The accumulation of psbA mRNA in chloroplasts can be partially explained by differential lightactivated transcription (Eisermann et al., 1990; Klein and Mullet, 1990) . In mustard, differential transcription of psbA was attributed to a TA-rich element located between the -10 and -35 promoter elements (Link, 1984) . However, the 2-fold increase in transcription of psbA relative to rbcL, observed when 4-d-old barley seedlings are illuminated (Klein and Mullet, 1990) , is insufficient to account for the differentia1 accumulation of psbA mRNA observed.
Quantitative analysis of transcription and mRNA levels for four stages of chloroplast development allowed prediction of changes in relative RNA stabilities a s a function of development (Table IV) . For most mRNAs, only small changes in predicted stability occurred during chloroplast development (atpB, psaA, psbD, rpoB, rpoA, rp116, ndhA) . These genes had relative RNA stabilities ranging from 0.4 to 1.5 (arbitrary units). rbcL and petB mRNAs showed a 3-to 4-fold increase in predicted stability between sections 112 and sections 415 of illuminated plants. This increase in relative RNA stability may help to elevate the expression of these genes during assembly of the photosynthetic apparatus. Among the RNAs analyzed, psbA mRNA showed the largest change in predicted stability. The stability of this RNA increased from 0.02 in sections 112 of dark-grown plants to 1.9 in section 7 of illuminated plants. The increase in stability was not strictly light dependent because an increase in predicted stability occurred between sections 112 and sections 415 of darkgrown plants. A 2-fold increase in psbA mRNA stability during chloroplast development has also been documented in spinach (Klaff and Gruissem, 1991) . RNA stability in spinach was measured by following RNA decay in actinomycin D-treated plants. The change in psbA mRNA stability in spinach (2-fold) is much less than the change in stability predicted in barley (100-fold).
In the present study, data were collected on plastids very early in chloroplast development through mature chloroplast populations. In contrast, the study in spinach compared young leaves that already contained over 50% of their final rbcL mRNA levels to chloroplasts from fully expanded spinach leaves. Therefore, it is possible that analysis of a greater range of chloroplast developmental stages in spinach would reveal a greater change in psbA mRNA stability. It is also possible that changes in the ratio of RNA to transcription used in the present study overestimates changes in RNA stability. Overestimation will occur with stable RNAs that have degradation rates that are less than the rate of change in transcription during development. In spinach, the half-life of psbA mRNA ranged from 5 to 12 h (Klaff and Gruissem, 1991) . In barley, transcription rates increase 10-fold over a 48-h period when cells move from the leaf base into and through the zone of cell elongation (Baumgartner et al., 1989) . Likewise, transcription activity in plastids declines 5-fold over a 36-h period during chloroplast maturation . Because the predicted stability of psbA mRNA is similar to that of other mRNAs that do not show large changes in stability during development, we believe that the changes observed are significant, although the magnitude of the change in stability will need to be verified by other assays. Similarly, 165 rRNA shows a 35-fold increase in predicted stability during chloroplast biogenesis. Because 16s rRNA is relatively stable, our analysis most likely overestimates the actual change in stability of this RNA. In summary, although differential light-activated transcription of psbD accounts for elevated levels of psbD mRNA in chloroplasts, differential accumulation of psbA mRNA is due primarily to selective stabilization of the psbA mRNA.
